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Abstract
For most fires, Forensic investigation takes place well after building materials have cooled and knowledge of the structural damage due to heat exposure can reveal the temperature reached during an incident. Recently, there have been significant changes in the characteristics of cementitious materials used in the United Arab Emirates. Few studies focus on the application of thermo-gravimetric and petrographic techniques on newly developed structures and this work aims to address this deficiency by utilising a series of parametric laboratory-based tests to assess the effects of heat on hardened concrete. Specimens were made with a design mix used for low-rise residential homes and storage facilities. The key constituents were: Portland cement (PC), crushed gabbro stone and dune sand with water/cement ratios of 0.4-0.5. Cement substitutes included slag (GGBS), and silica fume (SF) at replacement percentages of up to 50% and 4%, respectively. The concrete cubes were exposed to heat inside an electric furnace with pre-determined temperature regimes of 150°C, 300°C, 600°C and 900°C. Petrographic examination was utilised to compare the discolouration of the cooled concrete. Data derived from thermogravimetric analysis (TGA) and differential scanning calorimetry (DSC) are reported in order to assess the usefulness of these techniques in fire scene investigation to differentiate between these temperature regimes.. The results from the TGA indicate that the majority of the percentage weight loss for all the mixtures occurred in the range 650-700°C, which corresponds to the decarbonation of calcium carbonate, mainly from the aggregates.
The endothermic DSC peak at 70-120°C relates to the loss of evaporable water. Since both of these reactions are irreversible, this information can help fire investigators estimate the temperature history of concrete after exposure to fire. On the other hand, the portlandite in the cement matrix dehydroxylates at 450-550°C but then reforms as the concrete cools. The onset temperature for the dehydroxylation of the reformed mineral is always lower than in virgin samples and its enthalpy furthermore depends strongly on the thermal history of the portlandite. Thus, this feature can be used to establish the temperature to which the material was exposed to during a fire incident.
Introduction
A series of physical, mechanical and mineralogical changes take place in the concrete matrix during exposure to sudden thermal stress [1] . Certain properties, including strength, colour and weight loss, have already been used by investigators as potential indicators of the extent of fire during scene reconstruction of incidents that have happened in structural domiciles [2] . Therefore, understanding the reactions that occur, particularly in the cement paste part of the concrete, provides additional valuable information. Some of these reactions are irreversible while others might be reversible during the cooling following a fire [3] . Both types of changes within the concrete structure have the potential to be used as indicators of the maximum temperature to which the material has been exposed [4] . As such their detection and evaluation through a combination of thermo-analytical, X-ray diffraction and petrographic techniques may be useful in providing an objective measure of the exposure temperature.
Colour change at the concrete surface and within cross-sections adds helpful information relating to the maximum temperature to which the material was exposed, as most discolouration is associated with oxidation and decarbonation reactions that take place in both the aggregates and the cement mortar [5] [6] [7] [8] . The main characteristics explored in this work are moisture loss from the decomposition of the calcium silicate hydrate (C-S-H), the transformation of the portlandite (Ca(OH)2), the oxidation of iron hydroxides (Fe(OH)2) and the decarbonation of calcium carbonates (CaCO3) [9] . The following shows the temperature ranges over which each reaction generally occurs [10, 11] : Thus, from the above, the absence of CaCO3 in the cement paste formulation would be an indicator that the temperature had exceeded 800°C. Ca(OH)2 reforms during the cooling down of concrete, and although this reaction is reversible, the thermal history can still be determined by comparing the onset temperature at which the reformed compound decomposes and the enthalpy associated with this event, which are usually dissimilar to the untreated material [12] [13] [14] .
Materials and Methods
A total of three different concrete mixtures were prepared. The concrete mixture that contained 100% PC using 0.4 water/cement ratio was considered as the control mixture. The second mixture contained the same type of binder but with a higher water content in order to study additional free moisture effects on thermal resistance.
The final concrete mixture contained GGBS and SF as substitute cementitious materials. The reason for choosing those two materials is that they are the most common cement substitutes used within the UAE [15, 16] . The replacement percentages of GGBS and SF were 50% and 4%, respectively. The concrete mixtures were prepared in the Civil Engineering Laboratories at the University of Dundee and their compositions are presented in Table 2 . The water/cement ratio ranged from 0.4 to 0.5. All concrete mixtures were prepared by adding SP to achieve slump class S4. In the UAE, the typical cement content for C40 strength class using a maximum 20-mm aggregate is in the range 360-400 kg/m 3 . Therefore, the control cement volume used for this study was set at an average value (380 kg/m 3 ). Lower cement contents are used on rare occasions but are usually avoided owing to durability issues, specifically when PC only is applied without any replacements. The aggregate made up 78% of the total volume of the concrete. Additionally, Mix C contained GGBS and SF. The cement types for this study were: CEM I and CEM III/A. Table 3 presents the oxide content of the cements.
Laboratory-made samples were cured in a water tank for 7, 28 and 90 days and then subjected to compressive strength tests. All concrete mixtures prepared met the 28-day compressive strength design requirement of 40 MPa. The best results were obtained for the control mixture. Concrete cast using GGBS and SF showed lower initial strength but this increased significantly beyond 28 days of curing. The compressive strength of the concrete was measured using 100-mm side cubes on a digital apparatus with a constant loading rate of 0.7 ± 0.1 N/mm 2
•s until failure. The results are revealed in Table 4 . Mix A achieved the highest average strength gain over time. The strengths for Mixes B and C followed similar trends up to 90 days, although Mix C initially had the lowest 7-day strength. The residual strengths of the concrete were measured 24 hours after the heating periods. Concrete containing GGBS and SF exhibited better heat resistance up to 600°C. However, beyond that temperature, there was a dramatic loss in strength for all mixes.
Results and Discussion
The samples to be investigated were originally for studies of changes in the physical and mechanical characteristics of the material. The concrete beams (300 mm long and 75 mm cross-section) were stored for at least 28 days under water at a temperature of 20 ± 2 °C, then in air at ambient temperature for another two months while waiting for the heat treatment. The beams were then wet sawn to four equal 75-mm cubes and consequently heated in a Carbolite OAF chamber furnace up to various predetermined temperature regimes (ambient, 150, 300, 600 and 900°C). Each sample was kept at the steady-state heat peak for four continuous hours and was then left to cool down naturally to the ambient temperature. After this, the sample was stored in a desiccator.
The average carbonation depth of the non-heated concrete at the same age of heat exposure is shown in Table 5 . The samples for thermogravimetric analysis (TGA) were collected from the inner cores of the crushed specimens. The material was ground until a grain size of 80 m was obtained. Although earlier studies focused only on cement paste since aggregates tend to mask certain features, the presence of aggregates does not necessarily affect the conclusions reached from the analyses [17] . This is also important for the practical application of these measurements, as real-world samples will inevitably include aggregate dust.
Thermogravimetric Analysis (TGA)
Thermogravimetric analysis was performed using a PERKIN ELMER TGA7 with a TAC7/DX controller linked to a personal computer for data logging and control. The temperature of the furnace was programmed to rise at a constant rate of 10°C/min up to 900°C. The tests were performed under an air flow of 30 mL/min. The amount of material used for the tests was weighed with an analytical balance with an accuracy of ±0.1 mg. Samples of nearly 18-24 mg were taken from a larger batch of well-mixed powder (approximately 50 g), so as not to introduce bias into our measurements.
Similar work using the same technique was undertaken earlier by Harmathy [17],
Handoo et al. [18] and Alarcon-Ruiz et al. [12] . The TGA data from the samples are presented in Figures 1-3 . Among the three mixtures at 300°C, the reference sample of Mix C had the highest weight loss owing to the dissociation of the C-S-H (about 6.5%), even though its initial moisture content was less than that of Mix B. Samples pre-heated to 300°C had a similar percentage weight loss among all at that point. For samples pre-heated to 600°C and 900°C, the weight loss owing to evaporable water was negligible. The weight loss observed in the range 400-500°C was attributed to the dehydroxylation of the portlandite. The differential scanning calorimetry (DSC) technique was used to study this feature in more detail.
Differential scanning calorimetry (DSC)
An HP DSC827 Mettler Toledo controlled by the STAR software was used. It has two aluminium crucibles, one of which was empty and served as the reference pan and the other contained the sample to be analysed. In each experiment, the weight of the powder sample used was in the range 12-28 mg and a heating rate of 10 K/min was applied up to 600°C. The features observed in the DSC data for the samples depended as much on the heat treatment of the samples prior to analysis as on the samples themselves. There was a broad endotherm between 40 and 150°C for all samples pretreated at 150°C, which was attributed to loss of water from the sample. (Enthalpy-1) was found for all the samples which had been preheated up to 300°C, and the enthalpy associated with this event (H1) tended to decrease with increasing treatment temperature apart from Mix C [21, 22] . This feature disappeared entirely for samples pre-treated at 600°C and 900°C.
The second feature in this 350500°C region consisted of a sharp endothermic peak at ca. 480°C. The dependence of the temperature onset for this event is shown in Figure   37 and the data is presented in Table 6 . Up to the pre-treatment temperature of 600°C, there was very little change in this onset temperature. However, for samples pre-treated at 900°C, a sharp fall in Tonset was recorded for all mixtures. Furthermore, as can be seen in the enthalpy data for this feature (H2), there is a maximum at close to the pre-treatment of 300°C and a sharp minimum at 600°C, of 1.34 J/g and 3.72 J/g for samples Mixes A and B, respectively. The magnitude of H2 then recovers at 900°C, albeit at a much lower onset temperature. For the sample of Mix C, the minimum in H2 is less pronounced but there is then a large increase in the enthalpy at 900°C. From Figure 37 , the onset temperature of the reformed portlandite decreased as the pre-heat temperature was increased. For Mix C, the onset temperature remained stable up to 600°C, thereafter it dropped notably from an average of 473 to 394°C.
The lowest onset temperature for samples pre-heated to 900°C was found for Mix A at 389°C. The heat flux at that temperature range reduced as the pre-heating temperature increased.
X-Ray Diffraction (XRD)
The effects of elevated temperatures on the mineralogical changes in the hydrated concrete matrix were studied by X-ray diffraction ( 
Macroscopic Observations
Visible colour change in concrete is the first indicator of potential deterioration and provides a relatively easy non-destructive approach for assessing damage. This discolouration is related to the characteristic chemical and physical changes of the cement paste and the aggregates [8] . The extent of this colour change is strongly dependant on the iron content of the concrete [23] . However, the transition of the colour of an aggregate from grey to red is influenced by its mineralogy. Gabbro stone consists primarily of antigorite and plagioclase, and has a low coefficient of thermal expansion, generally in the range 5.5 to 8  10 -6 /°C [24] . The colour observations are presented in Table 7 . and 600°C, the colour of the coarse aggregate and the mortar started to change to pinkish brown owing to oxidation of iron hydroxides. Some observations of thermal cracking due to volumetric growth and different expansion rates between the coarse aggregate and the mortar could be seen in that temperature range [25] . These changes may warrant further observation using other techniques.
The changes in colour were more obvious above 600°C and coincided with a dramatic loss of strength. The aggregate particles turned red and the cement paste became brownish in colour owing to the formation of CaO with the loss of CO2 from CaCO3.
The propagation of cracks became more obvious at this stage and contributed to a continuous weight loss. This observation agrees with the findings obtained using the TGA. The highest temperature reached during a fire incident within buildings is typically around 1050°C. When concrete specimens are exposed to this temperature, their surfaces become buff and the concrete loses most of its strength leading to disintegration.
Conclusions
A range of evaluation methods for fire exposed concrete have been presented in this by the initial carbonation of the tested specimens. However, in this study, core samples were analysed and the depth of carbonation was negligible.
Two main regions were identified in the DSC data. The first was related to the breakdown of the gel-like C-S-H, while the second was associated with both the oxidation of iron hydroxides and the decomposition of the portlandite. Two events were found in the second region. For pre-treatment temperatures below 300°C, one was a broad endotherm at ca. 380°C and the second, a sharp endotherm at ca. 490°C.
Above this pre-treatment temperature, only the higher temperature endotherm remained. The onset temperature for dehydroxylation of the reformed portlandite was determined from the DSC curves, and this was <400°C for all samples pre-heated to 900°C. This is a key finding as it provides valuable information for fire investigators during a scene reconstruction since it can be used as an indication of the maximum temperature reached during an incident.
A colour transformation in fire-affected areas is usually the first indicator of the extent of damage in concrete. Discolouration at high temperatures is related to the mineralogical changes that occur. The aggregate particles changed from grey to brown and then to red as the temperature increased. The reddish colour is caused by the oxidation of the iron hydroxides. This is in agreement with the XRD data obtained ath the different temperatures.
